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Abstract: The Medieval-Post-Medieval transition in England was an important shift in the human biocultural environment. With urbanization and industrialization came resultant changes in living and working conditions and subsequent
effects on the skeleton. In addition, the Post-Medieval period ushered in changes in footwear and activity patterns, with
potential consequences on foot bone morphology. The objective of this study is to compare calcaneal and talar lengths
between the Medieval and Post-Medieval periods to determine whether there are quantifiable differences that correspond
to shifting footwear and activity patterns. T-tests and ANCOVAs (and their non-parametric equivalents) were used to
compare calcaneal and talar lengths of 1086 adults from 14 London cemeteries (Medieval n = 8, Post-Medieval n = 6),
available in the Oracle Wellcome Osteological Research Database (WORD) curated by the Museum of London. Males and
females were also analyzed separately. In the total sample, tali and calcanei are longer in the Medieval period (p < 0.001
for both tarsals). When males and females are analyzed separately, male talar length is greater in the Post-Medieval period
(p < 0.001). The difference in talar length between periods is not statistically significant for females (p = 0.093). These
differences in talar and calcaneal lengths between periods likely reflect differences in footwear between the Medieval and
Post-Medieval periods. The magnitude of these differences varies according to sex, indicating that the change in footwear
had differential impacts on men and women. Together, these results suggest that Medieval and Post-Medieval tarsals physically incorporated their respective cultural environments and gendered differences in cultural practice, particularly related
to the footwear characteristic of each period.
Keywords: Tarsal morphology, footwear, Medieval, Post-Medieval, London

Introduction
The rise of urbanization and industrialization during the
Medieval (1066–1547) to Post-Medieval (1547–1852) transition in England was an important shift in the human biocultural environment (Lewis 1999; 2002; 2016; Roberts &
Cox 2003; Watts 2015). The resultant changes in living and
working conditions over this period are well documented,
and the effects of these changes on the body have been
detailed in numerous bioarchaeological studies (Lewis 1999;
2002; 2016; Watts 2015). Specifically, the crowding of cities
and increase in pollution led to stunted stature, poor health,
and an increase in the prevalence of certain diseases (Lewis
1999; 2002; 2016; Watts 2015). However, stature and disease alone do not fully encompass health or the effects of
industrialization on growth and development. In addition to
the changes in living and working conditions that occurred
during this period, this transition also included cultural
changes with heretofore unexplored consequences on foot
bone morphology.
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The human body cannot be understood outside of the
social spaces it inhabits because it is never “pre-social”
(Krieger 2005; Sofaer 2006a). Throughout an individual’s
life, the material and social worlds are biologically incorporated into the body (Krieger 2005). The foot’s cultural
environment includes footwear and activity patterns, both of
which can affect foot morphology (Halcrow & Tayles 2011;
Krieger 2005; Sofaer 2006a; 2006b) (Fig. 1). Footwear
and activity patterns differ by individual according to cultural norms related to age, gender, socioeconomic status,
and other demographic variables. Feet occupy a liminal
state between the individual and the environment (DeMello
2009). Although individual agency is possible, societal
expectations and valuations of demographic identity often
prescribe the choices in footwear that are available. The class
system also plays a major role in determining which footwear and activity patterns are appropriate or accessible to
people of differing socioeconomic statuses. More ultimately,
societal expectations and valuations and the class system
are determined by nation-wide cultural changes, like those
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Fig. 1. Through the physical effects of footwear and activity patterns, the foot skeleton embodies
nation-wide economic and cultural changes that occur during the life course.

that followed industrialization and urbanization during the
Medieval to Post-Medieval transition. Through the physical
effects of footwear and activity patterns, the foot skeleton
embodies nation-wide economic and cultural changes that
occur during the life course.
Societal changes are often filtered through socioeconomic status and its effects on the cultural environment.
This is exemplified in bioarchaeological studies of hallux
valgus, a condition in which the hallux is misaligned and
deviates laterally, often impacting or overlapping with the
lateral toes. This condition has commonly been attributed to
differences in footwear, with narrow, pointed toe boxes particularly at fault (Mays 2005; Trujillo-Mederos et al. 2014).
Mays (2005) and Trujillo-Mederos et al. (2014) suggest that
individuals with hallux valgus are individuals of high status.
In this way, status is incorporated in foot bone morphology
through status-specific clothing norms (Mays 2005; TrujilloMederos et al. 2014). Clinical and bioarchaeological studies
have also identified gender-specific cultural practices that
have affected the pedal skeleton. For example, female ballet dancers experience increased cortical thickening of metatarsals compared to males (Schneider et al. 1974), perhaps
because women, not men, are expected to dance en pointe
(DeMello 2009; Klenerman & Wood 2006). Gender-specific
foot bone deformities have also been documented in bioarchaeological examples of Chinese foot-binding (Zhao et al.

2017). These include females exhibiting metatarsals with
gracile diaphyses and tarsals that are narrow and wedgeshaped (Zhao et al. 2017). Like other clothing, footwear
functions as the embodiment of cultural norms (DeMello
2009). These cultural norms ultimately derive from larger
societal structures (DeMello 2009).
Footwear and activity patterns in the Medieval and
Post-Medieval periods
During the Medieval to Post-Medieval transition, footwear
changed in form due to the centralization and standardization of manufacturing, as well as shifts in fashion preferences (Riello 2006). These preferences were likely related to
changes in socioeconomic status and cultural norms with the
rise of industrialization and increasing urbanization. Typical
of the Medieval period was the “turnshoe,” which was a
single piece of leather (or two) sewn inside-out around a
wooden form or “last” and then turned right-side-out (Grew
& de Neergaard 1988; Mould et al. 2003). In the mid-15th
century, the “turn-welt” construction was introduced, which
incorporated an attached outer sole (Grew & de Neergaard
1988; Mould et al. 2003). These turnshoes and turn-welt
shoes varied in shoe height and fastenings with temporal
fashions throughout the Medieval period, but the side-laced
boot, a “working shoe,” was a popular style that persisted
throughout (Grew & de Neergaard 1988). At the end of the



Tarsal metric trends over the Medieval-Post-Medieval transition     35

15th century, “welted” shoes arose and eventually replaced
the turnshoes and turn-welt shoes (Grew & de Neergaard
1988; Mould et al. 2003). These shoes, which persisted
throughout the Post-Medieval period, had a thicker symmetrical sole that became increasingly narrow and pointed in
the 17th and 18th centuries (Andersen 2017). Boots became
less popular during this time, except for use while horseback
riding (Harte 1991). Although there was variation in footwear type according to age, sex, social status, and region
of residence, these patterns generally characterize trends in
footwear through the Medieval and Post-Medieval periods.
Men’s and women’s shoes became increasingly divergent
in the Post-Medieval period, especially at the end of the 18th
century (McNeil & Riello 2006). At this time, men’s shoes
became more functional, while women’s became increasingly domestic, or impractical and flimsy (McNeil & Riello
2006). For women, smaller feet were associated with higher
class, so shoes that could make the foot look narrow and
petite were favored (McNeil & Riello 2006). The use of a
“patten,” or an overshoe used to protect the shoe from the
elements, seems to be almost exclusive to women as they
traversed the outdoor world in these fragile shoes (Riello
2006). In rural communities, clogs often served the same
purpose (Harte 1991).
There are numerous examples of Medieval and PostMedieval shoe alterations that indicate pedal disfunction.
For example, slits in the vamp (upper) of the shoe were perhaps made to relieve pressure of a hammer toe (Grew & de
Neergaard 1988; Mould et al. 2003). Hammer toes are common when shoes are too narrow or short and the toes are
forced into a flexed position (Mould et al. 2003). Heavy wear
on the sole of the shoe at the tip of the first digit is indicative of hallux rigidus, an arthritic condition in which the first
metatarsophalangeal joint becomes immovable (Grew & de
Neergaard 1988; Mould et al. 2003). More direct evidence of
the effects of constrictive footwear on the bones of the feet can
be found in studies of hallux valgus in Medieval bioarchaeological samples (e.g., Mays 2005). Mays (2005) suggests
that, in cases where footwear can confidently be associated
with foot bones or where paleopathological alterations of foot
bones have already been attributed to footwear, these analyses should also include measurements of tarsal length as their
growth may have been constrained by footwear.
Activity patterns changed with the trend toward urbanization and, eventually, industrialization. In the Post-Medieval
period, a largely agrarian society became one increasingly
focused on manufacturing (Honeyman 2007; Riello 2006).
Many textile mill owners preferred to employ women and
children (Honeyman 2007) and working conditions in
these factories were known for being harsh on both adults
and children (Roberts & Cox 2003). These include various
effects throughout the body, including infection, trauma, and
respiratory disease, but especially stress to the joints and the
spine (Lewis 2016). Lewis (2016) found that the crude prev-

alence of joint and spinal disease was significantly higher in
urban adolescents than their rural counterparts in Medieval
England. These patterns are also paralleled in rural and
urban adult health (Roberts 2009). Furthermore, differences
in juvenile morbidity and mortality between pre- and postIndustrial cemeteries are even greater than that between rural
and urban sites (Lewis 1999; 2002). Thus, it is likely that
industrialization had a greater impact on health than urbanization, although both caused deleterious consequences for
Post-Medieval individuals.
Bone modeling and remodeling
Culturally-mediated decisions may have biological repercussions, especially because bone is a dynamic tissue (Sofaer
2006a). Our environments influence bone remodeling and
the resulting morphology of our skeletons throughout our
lives (Frost 2000). According to Frost’s (2000) theory of
bone functional adaptation, bone is a mechanostat – that is,
it has loading thresholds that must be exceeded for deposition or resorption to occur. Because bone remodels in part
owing to functional demands, its morphology should be
directly reflective of an individual’s activity patterns (Frost
2000; Ruff et al. 2006). Regardless of the specific mechanics, and the acknowledgment of the contribution of genetics,
many studies have reinforced the idea of “bone functional
adaptation” to mechanical loading, particularly in cortical
bone (e.g., Pearson 2000; Rogers, 2020; Ruff et al. 2006;
Stock 2006; Wescott 2006). This includes studies of bone
functional adaptation in the modern human foot skeleton
(Jashashvili et al. 2015). Because juvenile remodeling and
modeling rates are much higher than in adults, environmental pressures can affect the structure of the skeleton during sensitive growth and development periods (Pearson &
Lieberman 2004). This, in turn, can have a significant impact
on individuals’ quality of life.
Over the life course, the physical effects of cultural practices may accumulate and become more obviously embodied in the pedal skeleton (Halcrow & Tayles 2011; Krieger
2005; Sofaer 2006a; 2006b). The remains of footwear in
archaeological contexts indicate that Medieval children wore
shoes from an early age, likely as soon as they began to walk
(Mould et al. 2003). Although Medieval and Post-Medieval
footwear differs in many ways from modern footwear, children’s shoes generally parallel the construction and style of
adult shoes (Mould et al. 2003). Children who are older and
beginning to engage in adult activities may even have shoes
with pointed toes and narrow soles (De Neergaard 1985).
For example, while ankle-shoes or boots were only seldom
worn by young children, they were worn by older children
and adults of both genders (Grew & de Neergaard 1988). It
is likely, then, that the footwear characteristic of these periods impacted the growth and development of the foot. In
modern populations, it has been found that individuals who
wear shoes from a young age generally have shorter and
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narrower feet (D’Août et al. 2009; Kusumoto 1990), nonuniformly distributed peak pressures (D’Août et al. 2009),
and poorly developed longitudinal arches (Echarri & Forriol
2003; Willems et al. 2017), which are visibly pathological
as early as age four (Rao & Joseph 1992). Even soft shoes
have been found to constrain proper foot growth (Clarks Ltd
1972). However, previous studies have often focused on the
effects of footwear on midfoot and forefoot morphology
(Mays 2005; Schneider et al. 1974; Trujillo-Mederos et al.
2014; Zhao et al. 2017). Information concerning the effects
of footwear on the rearfoot skeleton is lacking.
The limited studies on the effects of footwear on the
rearfoot suggest that the calcaneus and talus are plastic
and morphologically responsive to footwear use and type.
Zhao et al. (2020) examined the tarsals of Chinese individuals who practiced foot-binding and found that individuals
with bound feet had significantly smaller tali and calcanei
in length, breadth, and height. The tali and calcanei of individuals with bound feet also differ from unbound feet in
terms of shape and trabecular structure (Zhao et al. 2017;
Zhao et al. 2020). Sorrentino et al. (2021) compared the
tali of Neandertals and various Homo sapiens groups and
found that footwear impacts whole talar shape, the talocrural joint, the talar neck, the talar head, and the navicular
facet. Similarly, Sorrentino et al. (2020b) studied the tali of
archaeological and post-industrial modern human groups
and found that the tali of the post-industrial individuals
exhibited a more stable talar shape, a more neutral posture,
and a less robust and more orthogonally angled talar neck
and head compared to the archaeological tali. Other studies
have inferred or suggested that differences in tarsal shape
and size might be attributed to footwear, but these have
not been developed or tested explicitly (Pablos et al. 2013;
2014; 2017; Sorrentino et al. 2020a).
Pedal pathological issues may appear early and often
due to the elongated growth and development interval of
the calcaneus and talus, which allows for a greater accumulation of changes in response to the environment. During
childhood and adolescence, the talus grows primarily
wider (mediolaterally) and taller (dorsoplantarly) rather
than longer (anteroposteriorly) (Kelikian 2011). The talus
completes its growth with the fusion of the secondary ossification center to the posterior border of the talus between
the ages of 8.5 and 11.1 years in the majority of female
children and 11.6 and 14.2 years in the majority of male
children (Kelikian 2011).
In contrast to the talus, the calcaneus grows primarily longitudinally and completes ossification later (Kelikian 2011).
Primary growth occurs at the secondary ossification center in the calcaneal apophysis at the posterior aspect of the
calcaneal body (Kelikian 2011). This epiphyseal apophysis
completes its fusion to the calcaneal body at approximately
13.8 years old in female children and 15.8 years old in male
children (Kelikian 2011). Schaefer et al. (2009) report that

the calcaneal epiphysis may not be fully fused to the calcaneal body until 15–16 years old in females and 18–20 years
old in males. It is the last bone to complete epiphyseal fusion
in the foot (Schaefer et al. 2009).
This late ossification of the tarsals allows for flexibility in
learning to walk bipedally, and the muscles at work during
the initiation and mastery of walking shape the tarsals appropriately for this mode of locomotion (Wood Jones 1944).
Therefore, if footwear and adult activity patterns are present
as a pressure on the foot throughout this critical physical and
behavioral growth period, the pedal bones may be developmentally constrained as a result.
This study uses the Oracle Wellcome Osteological
Research Database (WORD) to investigate how calcaneal
and talar lengths vary between the Medieval and PostMedieval periods with an emphasis on the potential effects
of footwear. Although the number of pedal metrics available
in the WORD are limited to talar and calcaneal lengths, the
long growth and development periods of the talus and calcaneus mean that they are exposed to environmental stressors
for long critical intervals and may therefore be more responsive to such stressors than other bones of the foot and lower
limb. In addition, the large number of individuals catalogued
in the WORD is a major strength in understanding the range
of talar and calcaneal lengths during the Medieval and PostMedieval periods and in allowing a sizable sample for statistical analysis.
Secular trends in tarsal dimensions
Bone lengths can and have changed over time, especially
with a change in nutrition and health. Specifically, long bone
lengths have increased in recent years in tandem with an
increase in stature (Jantz & Jantz 1999; Jantz et al. 2016;
Meadows & Jantz 1995; Myburgh 2016). The foot has also
been reported to have increased in size over time, although
perhaps not at the same rate as the increase in stature
(Helmuth 1974). Secular trends in tarsal length are lacking,
but Funakoshi (1986) found microevolutionary changes in
talar and calcaneal length in the Japanese foot skeleton from
the prehistoric Jomon period (3000 BCE) to early modern
times (1900 CE). Specifically, the talus and calcaneus were
longest in the Middle Jomon age and decreased in length
over time (Funakoshi 1986). In combination with changes
in tarsal breadth and height, Funakoshi (1986) suggests
that these changes are related to a subsistence shift to rice
farming and the adoption of footwear. Similarly, DiMichele
(2010) found that the maximum length of calcanei in the
William Bass Skeletal Collection (early to late 20th century)
was 5 cm larger than the maximum length of calcanei in the
Terry Collection (late 19th to early 20th century). DiMichele
(2010) attributes this finding to an increased standard of living in the 20th century. Together, these studies show that tarsal lengths have changed over time and may be expected to
differ between the Medieval and Post-Medieval periods.
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Study objectives and hypotheses
Considering the potential influence of footwear and activity
patterns on foot bone growth and development, this study tests
the hypothesis that talar and calcaneal length differ between
the Medieval and Post-Medieval periods (Hypothesis 1).
Specifically, it is predicted that calcaneal length will be
shorter in the Post-Medieval period due to increased pressures and constraints on calcaneal growth due to restrictive
footwear in this period. Conversely, talar length is predicted
to be longer in the Post-Medieval period due to the decreased
popularity of boots in this period, which released constraint
on the ankle and talus. The change in footwear, in turn, can
be attributed to cultural changes such as industrialization and
urbanization that characterize this period of temporal transition. Activity patterns are not expected to affect bone length.
This study also tests the hypothesis that if talar and calcaneal length differ between time periods, the magnitude of
these differences will vary according to sex (Hypothesis 2).
Specifically, it is predicted that the difference in tarsal length
between periods will be greater for males. Trends in tarsal
length may differ according to sex because males generally finish bone maturation later than females and are consequently exposed to stressors for a longer critical growth
period. In addition, these tarsal trends may differ by sex due
to the divergence of men’s and women’s shoe styles in the
Post-Medieval period.
In comparing tarsal length between periods, this study
controls for stature and cemetery type. By controlling for
stature, this study will account for the effects of allometry
and elucidate tarsal length trends that are not attributable
solely to changes in stature over the Medieval-Post-Medieval
transition. This is also important in comparing sex-specific
changes as men and women generally differ in body size
and stature and consequently differ in average pedal bone
size (Wilson et al. 2020). Generally, female tali have a relatively longer neck and narrower head than male tali (Nozaki
et al. 2021) and female calcanei are relatively longer anteroposteriorly and shorter superoinferiorly than male calcanei
(Nozaki et al. 2020). In addition, stature may be used as an
indicator of health, as stature can be stunted in cases of malnutrition, illness, or other environmental stress.
This study controls for type of cemetery (monastic or
nonmonastic) because monastic cemeteries may represent
a special subset of the Medieval London population. First,
because these individuals may be of greater socioeconomic
status, they may exhibit greater stature and better overall
health, with less prevalence of disease. Second, they may
wear different shoes and have different typical activity patterns than the general population. For example, it was traditional for the Augustinians to wear tall boots (Fizzard 2007).
Similarly, different monastic orders placed different levels
of emphasis on manual labor (Dickinson 1961; Lawrence
2001). The Cluniac order, an offshoot of the Benedictines,
took the focus on worship to an extreme and spent little
time in manual labor (Dickinson 1961). In contrast, the

Cistercians, another Benedictine branch, stressed manual
labor (Dickinson 1961). However, in this study, the monastic
cemeteries were considered to be more similar to each other
than to the nonmonastic cemeteries.

Material and methods
Sample
The sample analyzed consists of 1086 adults from 14
London cemeteries (Medieval n = 8, Post-Medieval n = 6),
available in the Oracle Wellcome Osteological Research
Database (WORD) (Table 1). The data that support the findings of this study are openly available in WORD at https://
www.museumoflondon.org.uk/collections/other-collectiondatabases-and-libraries/centre-human-bioarchaeology/
osteological-database. Individuals were selected based on
the presence of at least one calcaneus or talus. The WORD,
curated by the Museum of London, contains publicly available demographic and pathologic information for these individuals, including both metric and nonmetric data. Medieval
cemeteries date from 1066–1547, and Post-Medieval cemeteries date from 1547–1852. Most of the sites considered
here are monastic cemeteries or associated with a local parish, containing religious peoples as well as Christian lay
people.
A few cemeteries are unique in that they contain wider
demographic diversity and do not follow a traditional death
curve. Spital Square includes a large hospital on site with an
accompanying cemetery. The East Smithfield Black Death,
St. Thomas’ Hospital, and Dominican Friary Carter Lane
cemeteries include mass graves likely related to the Black
Death and other epidemics (WORD database 2017). These
cemeteries were included in the statistical analyses because
individuals of all ages, sexes, and socioeconomic statuses
were indiscriminately affected by the Black Death epidemic
and generally died quickly, so the growth of individuals in
these cemeteries should not be particularly stunted. The
statistical tests were ultimately run with and without these
cemetery populations, and the relationships between tarsal
lengths and temporal period were identical, despite some
variance in p-values, warranting their inclusion.
The Medieval period cemeteries are largely monastic
cemeteries, which tend to contain individuals of greater
socioeconomic status than nonmonastic cemeteries (WORD
database 2017) and who often benefit from greater overall
health (DeWitte et al. 2013). Males are most common in both
Medieval and Post-Medieval combined groups (Table 2). The
ratio of males to females is especially large in the Medieval
sample, likely due to the presence of all-male religious sects.
For example, the Bermondsey Abbey cemetery does not contain any females (Table 1).
Age distribution within the sites, with the exception of
the hospital/epidemic cemeteries, follow a traditional death
curve, with subadults under-represented in monastic ceme-
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Table 1. The total sample utilized in this research, divided by period and cemetery.

Medieval Cemeteries

Dates of Use

Number of Individuals

Type of Cemetery

Total

Male

Female

Bermondsey Abbey

1066–1540

Monastic: Cluniac

72

72

0

Dominican Friary Carter Lane

Not reported

Monastic: Dominican

19

10

9

East Smithfield Black Death

1348–1350

Nonmonastic: epidemic

176

115

61

Guildhall Yard

1050–1230

Nonmonastic: churchyard

20

11

9

Merton Priory

1117–1800

Monastic: Augustinian

265

239

26

Spital Square Hospital (North section)

1200–1500

Monastic: Augustinian

18

13

5

St. Benet Sherehog

1280–1666

Nonmonastic: churchyard

4

2

2

St. Mary Graces

1350–1538

Monastic: Cistercian
TOTAL:

Post-Medieval Cemeteries

Dates of Use

106

70

36

680

532

148

Number of Individuals

Type of Cemetery

Total

Male

Female

Chelsea Old Church

1700–1850

Nonmonastic: churchyard

86

46

40

Cross Bones

1598–1853

Nonmonastic: paupers

31

10

21

St. Benet Sherehog

1660–1853

Nonmonastic: churchyard

80

52

28

St. Botolph Billingsgate

1595–1666

Nonmonastic: churchyard

4

3

1

St. Bride’s Lower

1770–1849

Nonmonastic: churchyard

162

99

63

St. Thomas’ Hospital

1540–1714

Nonmonastic: hospital, epidemic
TOTAL:

43

29

14

406

239

167

Table 2. The total sample utilized in this research, divided by period, age, and sex categorizations.

Male
Medieval

Female

TOTAL

Post-Medieval

Medieval

Post-Medieval

Medieval

Post-Medieval

18–25 years

71

17

24

18

95

35

26–35 years

134

37

46

27

180

64

36–45 years

233

87

53

47

286

134

46+ years

94

98

25

75

119

173

TOTAL

532

239

148

167

680

406

teries (WORD database 2017). Subadults were not included
in this analysis because the talus and calcaneus do not complete the ossification and epiphyseal fusion processes until
later adolescence and early adulthood. When grouping
sites according to temporal period, the Post-Medieval age
distribution is shifted toward older age compared with the
Medieval group (Table 2). Most Medieval individuals are in
the 36–45 age range, while most Post-Medieval individuals
are 46 years or older.
Linear measures
The only metric data available for pedal bones in the dataset are talar length and calcaneal length. Calcaneal length is
defined as the “distance between the most posteriorly projecting point on the tuberosity and the most anterior point on

the superior margin of the articular facet for the cuboid measured in the sagittal plane and projected onto the underlying
surface” (Buikstra & Ubelaker 1994, p. 84). Talar length is
defined as the maximum length “from the posterior margin
of the talo-crural articular surface to the anterior aspect of
the talar head” (Powers 2012, p. 19). Values for left and right
sides were averaged when both were available. This is reasonable because prior studies have found the talus and calcaneus to be essentially symmetric (Liu et al. 2020; Tümer
et al. 2019).
Statistical analyses
To test Hypothesis 1, that talar and calcaneal length differ
between the Medieval and Post-Medieval periods, talar and
calcaneal length were compared between periods. Non-
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Table 3. Results of Shapiro-Wilk normality tests for all numerical variables considered in this study. Statistically significant p-values
(< 0.05) in bold. These indicate lack of normality.

Calcaneal length

Talar length

Tibial length

Total sample

0.002

< 0.001

0.252

Males

0.142

0.121

0.922

Females

0.442

0.009

0.024

parametric statistical tests were used because the data cannot
be assumed to come from a population with normal distribution, according to Shapiro-Wilk normality tests (Table 3).
First, Wilcoxon rank sum tests with continuity correction
were used to determine if there are differences in talar and
calcaneal length between periods. Next, ANCOVAs were
used to determine if these differences are still statistically significant when accounting for potential covariates. Covariates
considered via ANCOVA include age, sex, stature, type of
cemetery (monastic or nonmonastic), and markers of overall
health and disease: enamel hypoplasia, non-specific infections (e.g., periostitis, osteitis, osteomyelitis, septic arthropathy), and osteoarthritis. This pathological information is
available for many individuals in the sample and was collected according to the WORD Osteology Method Statement
(Powers 2012). Age is reported in four intervals: 18–25
years, 26–35 years, 36–45 years, and 46+ years. The WORD
records sex on a five-point scale: male, probable male, intermediate, probable female, and female. In this study, males
and probable males are grouped together and treated as males
while females and probable females are grouped together and
treated as females. Individuals recorded as “intermediate” or
“undetermined” were excluded from this analysis. Enamel
hypoplasia, non-specific infections, and osteoarthritis were
recorded as present or absent. Together, these account for
variation in tarsal metrics that might occur due to poor health
in childhood (affecting growth and development) and adulthood (affecting mobility and bone maintenance). Hallux valgus is noted inconsistently in the WORD, and only for two
Post-Medieval individuals of underminable age and sex, so
it was not included as a covariate.
Stature is not reported in the WORD. Instead, tibial
length was used as a proxy for stature due to its prevalence
in the sample. Tibial length has also been suggested to be the
primary long bone for stature estimation in archaeological
populations due to its heightened responsiveness to environmental stressors during growth and development (Anzellini
2016).
To test Hypothesis 2, that if talar and calcaneal length differ between time periods, the magnitude of these differences
will vary according to sex, men and women were separated
into groups and then the tali and calcanei in each of these
groups were subjected to the same statistical tests used to
test Hypothesis 1. Parametric statistical tests (Welch Two
Sample t-test) were used for all tests except those concerning

talar length in the female-only sample because the data was
determined to be normal via Shapiro-Wilk normality tests
(Table 3).

Results
Hypothesis 1 is supported. Wilcoxon rank sum tests with
continuity correction show that tali and calcanei are significantly longer in the Medieval period (p < 0.0001 for both
tarsals; Table 5; Figs 2a, 3a). However, the mean values are
close (Table 4). An ANCOVA including cemetery type, age,
sex, tibial length, enamel hypoplasias (EH), non-specific
infections, and osteoarthritis (OA) as covariates indicates
that the difference in calcaneal length between periods is still
statistically significant (p = 0.007), but this difference is no
longer significant for the talus (p = 0.709).
Boxplots indicate one low outlier in the Medieval period
for calcaneal length (Fig. 2a) and two high and two low outliers in the Medieval period for talar length (Fig. 3a). The statistical significance of the previous results are not impacted
when these outliers are excluded, so they were included.
Hypothesis 2 is partially supported: the difference in talar
length between periods is most pronounced (and only statistically significant) for males. When males are analyzed
separately via a Welch Two Sample t-test and females are
analyzed separately via a Wilcoxon rank sum test with continuity correction, differences in talus measurements between
periods are not statistically significant (male: p = 0.182;
female: p = 0.826) (Table 5; Figs 3b, 3c). An ANCOVA
for male talar length indicates that talar length is longer for
males in the Post-Medieval period (p < 0.001). The difference in talar length between periods is not statistically significant for females when accounting for covariates (p =
0.093). When males and females are analyzed separately via
Welch Two Sample t-tests, differences in calcaneal measurements between periods are not statistically significant (male:
p = 0.140; female: p = 0.969) (Table 5; Figs 2b, 2c). The
mean values for calcaneal and talar length are exceptionally
close between periods for both males and females (Table 4).
An ANCOVA including cemetery type, age, tibial length,
enamel hypoplasias, non-specific infections, and osteoarthritis as covariates also indicates that the difference in calcaneal length between periods is not statistically significant for
either sex (male: p = 0.895; female: p = 0.191).
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Fig. 2a–c. Difference in mean calcaneal length between periods for 2a) total sample, 2b) males only, and 2c) females only. The
p-value listed for the total sample (2a) is the result of a Wilcoxon rank sum test with continuity correction comparing mean calcaneal
length between periods.
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Fig. 3a–c. Difference in mean talar length between periods for 3a) total sample, 3b) males only, and 3c) females only. The p-value
listed for the total sample (3a) is the result of a Wilcoxon rank sum test with continuity correction comparing mean talar length between
periods. The p-value listed for the male-only sample (3b) is the result of an ANCOVA comparing talar length between periods with
included covariates.

Table 4. Mean values for each numerical variable, divided by period. East Smithfield Black Death cemetery is included here.

Medieval

Post-Medieval

Calcaneal length (mm)

Talar length (mm)

Tibial length (mm)

Total sample

79.35

52.31

355.71

Males

81.00

53.42

363.77

Females

73.56

48.40

332.58

Total sample

77.75

51.47

353.16

Males

80.40

53.73

365.73

Females

73.58

48.19

337.80
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Table 5. Results of Wilcoxon rank sum tests with continuity correction (Diff. btwn periods, Calcaneal length and Talar length [Total
sample]; Diff. btwn periods, Talar length [Female only sample]), Welch Two Sample t-tests (Diff. btwn periods, Calcaneal length [Male
only and Female only samples] and Talar length [Male only sample]), and ANCOVA tests (rest) analyzing differences in pedal measurements between periods for the total sample as well as males and females considered separately. Statistically significant p-values
(< 0.05) in bold.

Calcaneal length
F-value
Total
sample

Males

Diff. btwn
periods

N/A

N/A

Diff. btwn
periods
incl.
covariates

7.504

Cemetery
Type

Talar length
F-value

p-value
Total
Females
sample

Total
Females
sample

Males

N/A

< 0.001

0.140

0.969

N/A

N/A

0.018

1.746

0.007

0.895

0.191

0.139

82.178

39.250

0.007

< 0.001 < 0.001

0.932

p-value
Total
Females
sample

Males

Females

N/A

< 0.001

0.182

0.826

12.666

2.898

0.709

< 0.001

0.093

17.697

1.710

< 0.001

< 0.001

0.193

0.993

Males

Age

9.738

4.448

1.656

< 0.001

0.005

0.186

2.623

1.868

0.603

0.051

0.137

0.615

Sex

228.712

N/A

N/A

< 0.001

N/A

N/A

296.919

N/A

N/A

< 0.001

N/A

N/A

Tibial
length

138.820 89.630

< 0.001

85.145

54.377

33.431

45.750

< 0.001 < 0.001

< 0.001 < 0.001

< 0.001

EH

0.960

0.755

0.081

0.328

0.386

0.776

0.365

2.071

0.758

0.546

0.152

0.387

Non-spec.
inf.

2.953

5.494

0.142

0.087

0.020

0.708

2.155

0.049

2.776

0.143

0.826

0.100

OA

0.470

0.428

0.017

0.494

0.514

0.898

0.025

0.026

0.065

0.876

0.872

0.799

Discussion
Because the feet bear the weight of the body, foot-related
issues can have repercussions for other joints, including
the knee, hip, and back, which can in turn restrict mobility (Kerrigan et al. 2009). To create a full, accurate picture
of the lives of individuals living during the Medieval-PostMedieval transition, the effects of cultural practices on pedal
growth and development must be considered. By documenting the extent of variation in talar and calcaneal length in a
historic, industrial, habitually shod population, this research
contributes to the body of literature characterizing the health
of the modern human foot and the effects of cultural pressures on its growth and development. In addition, by contextualizing the pedal skeleton in this way, the physical
embodiment of gendered cultural practices in the foot can be
better understood.
Talar and calcaneal length differ between the Medieval
and Post-Medieval periods even when accounting for biodemographic variables, health, and disease as covariates,
supporting Hypothesis 1 and potentially inferring a cultural
variable driving these differences between periods. Because
these relationships are still statistically significant when
accounting for tibial length, these are likely foot-specific
patterns that are separate from other lower limb trends and
unlikely to be the product of whole-body growth restriction.
Instead, these temporal differences in talar lengths are likely

to be a result of direct pressure (or lack thereof) on specific
regions of the foot and ankle. Footwear provides localized
pressure that has the potential to shape foot morphology,
especially if that footwear is worn frequently during growth
and development and does not leave sufficient space for
growth both anteroposteriorly and mediolaterally (Bleck
1971; Cowell 1977; Rao & Joseph 1992; Sachithanandam
& Joseph 1995). There are many studies that show that constricting footwear can cause pathological issues in the foot,
both in adulthood as well as during growth and development
(e.g., Vikatou et al. 2017; Zipfel & Berger 2007).
The increase in hallux valgus identified in later Medieval
England by Mays (2005) and the data on calcaneal length
presented here potentially signify both a change in fashion
as well as an increase in the number of individuals who
could access such footwear. With increased urbanization
came the rise of a “third London,” exclusive upscale suburbs
that occupied a space between the commercial and political Londons (Riello 2006). The spatial segregation of these
new suburban areas acted to isolate and constrain mobility
of high status individuals and was mirrored in the adoption
of narrow-soled and pointed toe shoes (Andersen 2017). The
narrowed sole likely increased mediolateral constraint on the
calcaneus, and the pointed toe likely increased mediolateral
constraint on the forefoot as well as potentially compressed
the foot anteroposteriorly. Modern studies of the effects of
footwear type on plantar pressure have found that pointed
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toes were associated with higher peak pressures at the medial
heel compared to round and square toes (Branthwaite et al.
2013). High status individuals can compromise their podiatric health and mobility for the sake of footwear fashions
and the resulting social capital they accrue by participating (Riello 2006). Perhaps, with increased affordability of
footwear in the Post-Medieval period, even those of lower
socioeconomic statuses were able to acquire fashionable
shoes and thereby increase their social standing. Footwear
became cheaper during the Post-Medieval period primarily
as a result of centralization and standardization of manufacturing and an increase in provincial production that occurred
with the rise of industrialization (Riello 2006). However,
although footwear became cheaper, quality often suffered as
a result (Riello 2006).
The decreased popularity of boots in the Post-Medieval
period may account for the reduced constraint and subsequent
increased length of the talus in this period (for the male-only
sample). In the Medieval period, the talus may have been
constrained because of the popularity of the side-laced boot
or ankle shoe (Grew & de Neergaard 1988). Anteroposterior
compression of boots potentially compresses the anterior
aspect of the talar trochlea and pushes the calcaneal tendon
against the posterior aspect of the talus. Boots became less
popular in the Post-Medieval period because they were associated with the true “country environment” and “rural values”, which were at odds with metropolitan gentility (Riello
2006). With this decreased popularity of boots, the pressure
on the talus was potentially reduced, allowing for longer tali
in this period.
None of the individuals analyzed in this study were found
associated with footwear, but footwear was found elsewhere
at the St. Benet Sherehog Medieval cemetery and in the South
section of the Spital Square hospital cemetery (Table 6). The
shoe and boots with photographs and descriptions available
reflect the trends of the Medieval period, being turnshoes
of simple construction with a single piece of leather for the
sole. Unfortunately, none of the Post-Medieval sites include
any remaining footwear.
Males exhibit a greater change in tarsal length between
the periods than females, supporting Hypothesis 2 and
indicating that the environmental pressure driving these
differences, including footwear, affected men and women
differently. This is likely a product of three factors: 1) males
in general being more sensitive to environmental stressors,
as suggested by Stinson (1985), 2) the longer bone growth
interval, prior to complete ossification, characteristic of
males (Kelikian 2011; Schaefer et al. 2009), and 3) differences in footwear between males and females during the
Medieval and Post-Medieval periods. Together, these factors
emphasize differences in male pedal morphology resulting
from biology and gendered cultural practices that became
physically embodied.
Male children are more sensitive to environmental stressors (Stinson 1985). So, if the biocultural pressures increased

in the Post-Medieval period, males might show a more pronounced response in terms of bone growth. Males may also
experience a greater effect of these pressures, even if identical for males and females, due to their longer critical growth
period.
Juvenile male bone growth is characterized by a longer
growth interval compared to female juveniles (Kelikian
2011; Schaefer et al. 2009). Because males generally finish
bone maturation later than females, they have a longer critical growth period during which environmental effects can
accumulate. If young males were wearing shoes, especially
shoes following adult male styles, as their pedal bones were
continuing to grow and develop, their tarsal growth may
have been stunted in response.
Men’s and women’s footwear diverged in the PostMedieval period due to changing perceptions of men’s and
women’s places in the cultural environment. Within the
culture of exclusivity and self-imposed constraint, women
became increasingly constrained to the domestic sphere and
their footwear became less practical (Riello 2006). The reason for this differentiation between the sexes is debated and
has been variously attributed to capitalism and the man’s
need for a housewife/house manager, an increased valuation
of domesticity as part of the new middle-class’ identity, economic marginalization of women as agriculture was commercialized and textile production shifted from the home to
the factory, and the ability of more women to rely on their
husbands’ income due to increased wealth following industrialization (Vickery 1993). All these potential explanations
propose that the marginalization of women, especially middle-class women, in the Post-Medieval period is inextricably linked to the major economic changes of the Medieval
to Post-Medieval transition (Vickery 1993). This resulted
in changing cultural and clothing norms (Riello 2006).
Women’s footwear became narrower and more pointed, as
well as thinner, and meant that women did not spend much
time standing or walking in these shoes (Riello 2006). Of
course, fashion trends often can only be followed by the elite
or high-status individuals due to the financial and practical
cost. Middle class individuals also experienced increased
wealth during the 18th century which allowed them to partake in material cultural trends (Riello 2006; Vickery 1993).
Lower class women could mimic these trends but would ultimately require footwear that allowed mobility in the urban
streets (Riello 2006). For example, working class individuals of both genders commonly wore wooden clogs (Riello
2006). Individuals of all social classes are represented in this
sample from the WORD.
While women became confined to the domestic space
in the Post-Medieval period, men became more actively
involved in social affairs and civics (McNeil & Riello 2006;
Riello 2006). The street and the areas of industrial production
replaced the courts as the arena of power, thus requiring men
to frequently traverse the poorly maintained London streets
and outdoor space (McNeil & Riello 2006; Riello 2006). As
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Table 6. Footwear found associated with the cemeteries analyzed here. Information via Collections (2020). Asterisk indicates no
photograph or further description available.

Artifact Number

Site

Production Dates

Shoe Description

ONE94[6012]<2811>

St. Benet Sherehog cemetery

886–1066

Leather*

ONE94[16992]<3052>

St. Benet Sherehog cemetery

886–1066

Leather*

ONE94[6011]<2817>

St. Benet Sherehog cemetery

886–1066

Leather*

ONE94[12362]<3099>

St. Benet Sherehog cemetery

886–1066

Leather*

ONE94[6011]<2810>

St. Benet Sherehog cemetery

11th

Large adult leather drawstring shoe

NRF88[1286]<695>
NRF88[1286]<729>
NRF88[1286]<724>

Spital Square hospital cemetery
(South section)

Mid-13th century

such, they needed more practical and substantial footwear.
This footwear contrasted sharply with women’s footwear in
its reduced decoration and greater functionality (McNeil &
Riello 2006). Men’s footwear also changed with new understandings of men’s health during the Enlightenment (McNeil
& Riello 2006; Riello 2006). Textiles that were hard to wash
and therefore rarely washed, like silk, were characterized as
unhealthy, as well as high heels (because they affected the
gait) and boots that were too tight on the legs (because they
were uncomfortable) (McNeil & Riello 2006). Still, although
there was awareness that poor footwear could contribute to
foot ailments and deformities, the narrow soles and pointed
toes remained popular during this period (McNeil & Riello
2006).
Two major strengths of this research are the large sample
size available in the WORD and the novel contribution to our
understanding of the modern human rearfoot. In future studies, the analysis of Medieval and Post-Medieval pedal skeletons should be further expanded with the incorporation of
other pedal measurements (e.g., talar and calcaneal breadths)
and other bioarchaeological populations from these periods.
Such research can potentially verify the patterns identified
here as well as document the full extent of cultural influences on the pedal skeleton temporally. Additionally, comparison of tarsal measurements from the Medieval and
Post-Medieval periods with recent skeletal collections,
especially those from London, will be useful in determining whether the modern human foot continues to represent
a growth-restricted or pathological form due to the accumulated effects of footwear. This has been suggested by D’Août
& Aerts (2008) and D’Août et al. (2009). In comparison with
the habitually unshod foot, the regularly shod Western foot
differs in structure and health (D’Août et al. 2009). The shod
foot is generally narrower, has high arches, and suffers from
hallux valgus and other deformities (D’Août et al. 2009).
Considering the non-uniformity in habitual shoe-wearing
and the relatively recent introduction of such a practice
(Trinkaus & Shang 2008), it may not be appropriate to represent the shod Western foot as “normal” or as a baseline
for discussions of foot health. Osteological studies quantifying the range of variation in pedal bones in populations with

century

Slip-on leather boots, likely for adult
woman

varying footwear will be useful in characterizing the healthy
modern human foot.

Conclusions
This research has highlighted differences in the relative
influence of both biodemographic, health, disease, and cultural variables on the growth and development of the tarsals. Although biodemographic, health, and disease variables
clearly contribute to variation in calcaneal and talar length,
the difference in these tarsal metrics between periods remains
statistically significant even when they are included as
covariates, suggesting that there are other contributing variables that have not yet been identified. These might include
genetic differences within the population or other biological variables that have not been accounted for here. These
might additionally or instead include cultural variables, such
as footwear, that differ between the periods. This study has
documented differences in the relative influence of each of
the considered variables between the talus and calcaneus.
Specifically, the calcaneus appears to be more sensitive to
environmental pressures during critical growth intervals than
the talus, perhaps because its later ossification time allows for
a longer and greater accumulation of effects. In addition, the
talus and calcaneus likely do not receive identical pressures
from footwear due to their different anatomical positions in
the foot and ankle. Future studies should focus on the calcaneus as a source of evidence of activity patterns and cultural
practices in the pedal bones. This should include analysis
of other calcaneal metrics, like three-dimensional geometric morphometrics and entheseal change at the insertion of
the calcaneal tendon. These variables have been included in
studies of past activity patterns (Harper et al. 2020; Refai
2019) but have not been linked directly to footwear in bioarchaeological populations.
Although this study suggests that talar length is not particularly responsive to environmental pressures, it is possible
that other dimensions of the talus could be more useful in
this regard. As mentioned previously, talar growth during
childhood is primarily concentrated in increasing talar width
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and height rather than increasing length (Kelikian 2011). The
calcaneus, conversely, increases significantly in length during this period, and lengthens at a rate that is faster than the
rest of the foot (Kelikian 2011; Wood Jones 1944). These
differing growth trajectories may also explain the differing
magnitudes of statistical significance for talar and calcaneal
lengths between periods. It is important to include an analysis
of pedal bone morphology and health within broader analyses of growth and health of the entire skeleton to understand
the complete effects of cultural practices on the human body.
Humans simultaneously create and are shaped by culture
(Csordas 1990; Sofaer 2006a; 2011). This includes modifying their environment, which can change the selective pressures they experience (Laland et al. 2007; Laland & O’Brien
2011). Though usually the intention is to benefit humans,
either biological or culturally, these decisions that appear
positive or neutral in the short term may have negative consequences in the long term. It is especially important to think
about such long-term effects as the length of modern human
life spans increase the possibility that decision-makers may
live to see these consequences. For example, Mould et al.
(2003) suggest that foot pathologies such as hallux valgus
may be more common in modern populations because they
take decades to develop, and modern populations have longer life expectancies over which they can develop. This study
has demonstrated how nation-wide trends like industrialization and urbanization were embodied in the individual in the
past and suggest how they might continue to be incorporated
in foot morphology in the present and future.
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